Carburizing of stainless steels at low temperatures (below 500°C) develops a high content carbon layer, known for its high hardness. X-ray Diffraction investigation
1-Introduction
Stainless steels (SSs) are used significantly in chemical, nuclear, and petrochemical industries and many heavy duty applications like in hydraulic actuators due to their high corrosion resistance [1] [2] [3] [4] [5] . These alloys are also used as biomaterials due to the wide variance in mechanical and electrochemical properties [2] . However, low hardness and low wear resistance reduces their feasibility for specific applications. There are quite a few methods to overcome these problems e.g. carburizing, nitriding, ion implantation, compositing the surface with hardening interstitial atoms using friction stir welding method and etc. [6] [7] [8] [9] . One of the most recently used methods for increasing hardness and wear resistance of the material's surface is through carburization. Carburization is the process of introducing carbon atoms into a material's surface through diffusion by subjecting the material to a high carbon environment at elevated temperatures, which increases their surface hardness [10] [11] [12] [13] . However, the creation of carbides from substitution atoms, such as free chromium, dilutes the matrix from chromium and prevents the formation of a protective passivation layer of . It is well known that the passivation layer provides SSs well known corrosion resistance [1] .
Another method for increasing hardness is quenching, however, this is not feasible for these alloys due to their high Nickel content which acts as an austenite stabilizer and prevents martensite formation [3, 14] .
In recent years, studies have been conducted to investigate increasing the hardness and wear resistance without any loss of corrosion resistance [2] . Initial findings have shown that thermochemical treatment at low temperatures (below 500°C) increases hardness without a decrease in corrosion resistance [10, [15] [16] [17] [18] [19] . Under these conditions, interstitial atoms such as carbon and nitrogen are highly mobile and easily diffuse. However, the energy required for the mobility of substitution atoms, such as chromium, is insufficient; resulting in kinetically constrained or immobile atoms. Due to these conditions, fewer carbide or nitride precipitates are formed in comparison to the carbide formed at higher temperatures [20] [21] [22] [23] [24] [25] [26] and the content of the diffused interstitial atoms in the surface is much higher than the equilibrium state [27] . Through the introduction of these interstitial atoms in the surface, the affinity of lattice expansion is suppressed by the constant volume of substrate results in the formation of high compressive stresses, which consequentially cause an increase in fatigue resistance [28] . Many researchers have considered the carburized layer as a separate phase, often termed as the "S phase"
on austenitic SSs and the "M phase" on martensitic SSs [10, 16, 22, 29] . In this study, the validity of this claim was investigated. Two types of SSs PH 17-4 as a martensitic SS and AISI 316L as an austenitic SS, were selected for low temperature gas carburization. The relationship between the carburized layer and the associated substrate was investigated with preliminary investigation of structure and microstructure.
2-Experimental Procedure
Chemical composition of AISI 316L and PH17-4 SSs are given in Table 1 and 2.
The steel samples underwent low temperature gas carburization using a variation of a common gas media (38 vol % CO, 2 vol % CO 2 and 60 vol % H 2 ) at 450˚C for 18 hours [30] . Separate samples of each material were annealed at the same temperature and carburizing duration to compare with carburized samples. Finally, all of the samples were cooled to room temperature in the furnace. After their duration in the furnace, XRD was performed with the EQuinox 1111 using a CuKα tube on the carburized and annealed samples. The specimens were mounted in a molding polymer and then cleaned. The specimens were cleaned with SiC 3000 grit sandpaper, then polished using a suspension solution of 50 nm alumina particles, and were then finally etched with a Kalling etchant (10 gr CuCl2, 100 mL HCl, 100 mL Methanol) for 40 seconds. Optical microscopy was then conducted to investigate the microstructure.
PHI 680 Scanning Auger Microprobe was used for Auger electron spectroscopy (AES) to calculate carbon concentration at different depths. Auger spectrum was taken first from the surface of the samples and then Argon sputtering was used at different depths (Fig. 4) . Uncertainties in the reported experimental values were estimated by the method suggested by. Carbon concentration was measured until there was no significant change in the concentration of carbon for both samples, which was measured at a depth of 48μm. AES tests were conducted ten times at each depth with the average calculated after the elimination of abnormal results.
The hardness at each depth was calculated using a Nikon QM microhardness apparatus. At each instance, a 1N force was applied for 15 seconds using a spherical indenter with an impression to ball diameter ratio (d/D) of 0.375.
To investigate the coherency of the expanded layer, three point bending tests were performed on the carburized samples (Fig.1) . Samples were subjected to 1-2% plastic deformation as indicated by their dynamic stress-strain diagrams during the bending tests. The behavior of slip lines near the interfaces were investigated via optical microscopy using Nomarski contrast. angles of the carburized layers shift to lower angles in comparison to that of the annealed samples. This is due to the diffusion of carbon atoms into the interstitial sites, increasing the d-spacing in carburized layer. Peak width also increased for the carburized samples due to the Paraequilibrium carbon diffusion in the surface which causes distortion in crystal structure and residual compressive stress [30] . Cross sectional images of carburized samples are shown in Fig.3 . The featureless layer in these images is the carburized layer. For both SSs, there are no observable precipitates in the expanded layer, suggesting that the formed carbides in the process are negligible. The sample preparation processes of grinding, polishing, and etching revealed a large contrast in topography between the substrate and the carburized/extended layer. This suggests that the carburized layer is more corrosion resistant, and exhibits a higher hardness and wear resistance than the substrate. Carbon concentration and hardness profiles are given in Fig.4 . The carbon content adjacent to the surface for the carburized specimens reaches up to 13 at. % for the 316L and 11at% for PH 17-4, but carbon content in the matrices are nearly zero, indicating the carburization did not affect the substrate. As shown in Table 1 and 2, the carbon concentration at the equilibrium condition is less than 0.015 at. % for both SSs Low temperature gas carburization increased the content of diffused carbon to nearly 860 times more than the equilibrium condition. Optical microscopy investigation supports this claim with no visible precipitate development at the given concentration of carbon.
3-Result and Discussion

3-1-XRD and AES Investigation
These diagrams also show that the carbon concentration drops significantly, approaching zero at probed depths of 31μm for 316L and 13 μm for PH 17-4. This indicates that the depths of expanded layers are about 31μm and 13 μm, respectively. Carbon content is constant for the first 4 μm of austenitic carburized layer, and 3 μm for the martensitic carburized layers. These constant concentrations support the Trapping/De-trapping model [15, 31, 32] . Within the constant carbon content regions, all interstitial sites have been filled with carbon atoms, showing that extra carbon atoms have diffused into the sample [10] . As it can be seen in Fig. 4 , hardness in the surface reaches 11GPa for 316L and 15GPa for PH 17-4; however, hardness in the matrix is about 4 and 5 GPa, respectively. The high content of diffused carbon in the interstitial sites increases hardness according to solid solution strengthening theory [33] . For both steels, the hardness is constant in the substrate below the expanded layer as supported by the similar concentration-depth and cross sectional metallographic images. This supports the claim that the carburized layer thicknesses are 31μm and 13μm for 316L and PH 17-4, respectively. Carbon concentration and hardness profiles are similar, so it can be concluded that hardness is proportional to interstitial carbon content in the layer.
3-2-Coherency of Expanded Layers
Investigation on the crystallographic relationship between the expanded layers and their substrates was performed via optical microscopy with grain structure and dislocation behavior analysis at interface grains. Complications in optical microscopy analysis existed due to the high corrosion resistance of the expanded layers during the process of etching. Further attempts at etching would have consequentially compromised the substrates. It was observed that very few grains were visible in the extended layer. However, of the grains observed, they continued across the interfacial boundary from the substrate into the extended layer without any deviation in microstructure (Fig. 5a ). The absence of grain boundary deviation across this interfacial boundary indicates that the carburized layer is coherent and part of the substrate; it is not a separate layer. Fig.5a shows a twin which is marked with a red arrow; this twin extends from the austenitic matrix into the carburized layer. This means that each of these shared martensitic formations is a phase with different amount of carbon in adjacent layers (Fig.6b) . Hence, it can be concluded that there would be no nucleation and growth for the expanded layer, and also this is not a separate layer, but this is the substrate just with different amount of carbon. 
Conclusion
The carburization of 316L SS and for PH 17-4 SS at a low temperature of 500
Centigrade produced a carburized layer thicknesses of 31 μm and 13 μm, respectively. These carburized layers has the following characteristics:
Structures of the carburized layers were the same as both the substrates in the austenitic SS and martensitic SS, respectively. Also, low amounts of carbides were found in 316L SS that could not be verified through optical microscopy. Excessive hardness of these layers is due to the presence of supersaturated carbon content in the surface, which can be justified according to solid solution strengthening theory.
Crystallographic directions, grains, or martensitic formation of carburized layers are as of their matrixes. Through static observation of the interface between substrate and the carburized layer, it was determined that no nucleation and growth occurred. In support of the solid solution strengthening theory, It was concluded that that introduction of carbon into the surface did not cause a change in the crystallographic structure.
